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Ion-molecule complexes of the form Si+(C6H6)n and Si+(C6H6)nAr are produced by laser vaporization in a
pulsed nozzle cluster source. These clusters are mass-selected and studied with ultraviolet (355 nm)
photodissociation and resonance-enhanced infrared photodissociation spectroscopy in the C-H stretch region
of benzene. In the UV, Si+(C6H6)n clusters (n ) 1-5) fragment to produce the Si+(C6H6) mono-ligand species,
suggesting that this ion has enhanced relative stability. IR photodissociation of Si+(C6H6)n complexes occurs
by the elimination of benzene, while Si+(C6H6)nAr complexes lose Ar. Resonances reveal C-H vibrational
bands in the 2900-3300 cm-1 region characteristic of the benzene ligand with shifts caused by the silicon
cation bonding. The IR spectra confirm that the major component of the Si+(C6H6) ions studied have the
π-complex structure rather than the isomeric insertion products suggested previously.

Introduction

Silicon ions play an important role in atmospheric chemis-
try,1,2 astrophysics,3-5 and semiconductor plasmas.6 Because of
their widespread importance, silicon-containing ions have been
investigated in numerous mass spectrometry experiments. Ion-
molecule reactions and collision-induced dissociation experi-
ments have investigated reaction pathways and bonding
energetics.7-15 While these studies have been insightful, there
are few examples of the spectroscopy of silicon-containing ions.
Si+ has no electronic states at low energy, and therefore
electronic spectroscopy on Si+(L)n complexes is problematic.
However, recent infrared photodissociation spectroscopy experi-
ments have been demonstrated for silicon ion-molecule com-
plexes, providing useful structural information.16,17In the present
study, we examine Si+(benzene)n complexes with both ultra-
violet and infrared photodissociation measurements. These
experiments probe the stability of these ions and their structures.

Cation-benzene complexes of various metals have been
studied extensively by experiment and theory.18-36 These studies
have focused on transition metals or main group metals, but
there are relatively few studies of silicon-benzene ions.7-9,12,13,15

Si+(C6H6)n complexes are potentially important in astrophysics
because benzene is a precursor of polycyclic aromatic hydro-
carbons (PAHs) and both silicon and PAHs are highly abundant
in the interstellar/stellar media.37-40 The adduct ion SiC6H6

+

was first reported by Allen and Lampe in collisional studies of
Si+ with benzene.7 Bohme and co-workers used the selected
ion flow tube method to investigate reactions of Si+ with
benzene that formed the adduct ion.8 Further studies by this
group included reactions of SiC6H6

+ with other small molecules.
From the reaction products generated, they concluded that the
silicon cation is located above the benzene ring in aπ-bonded
configuration. A joint study by the Schwarz and Bohme groups
in 1992 used chemical ionization and neutralization-reionization
mass spectrometry experiments in conjunction with ab initio
calculations.10 On the basis of the results of theory, they
proposed three possible isomers for SiC6H6

+, including a
π-complex, a C-H insertion complex, and a ring insertion

complex. Their experiments found evidence for theπ-complex
and the C-H insertion complex but not for the ring insertion
isomer. The binding energy (De) of Si+ to benzene in the
π-complex was calculated to be 1.92 eV compared to 1.68 eV
in the C-H insertion complex. The calculated structure for the
π-complex does not have the ion on the C6 axis, but rather it is
in a position nearly above one carbon of the benzene ring,
lowering the overall symmetry toCs. The perturbation of the
π-system causes the nearest hydrogen atom to be bent out of
the plane of the benzene ring by about 10 degrees. Collisional
dissociation of SiC6H6

+ produced fragment ions such as
SiC6H5

+, SiC4H4
+, and SiC4H3

+, consistent with the strong
binding of silicon to the organic framework of benzene.9 In later
work, Beauchamp and co-workers studied ion-molecule reac-
tions of SiC6H6

+ in an FT-ICR mass spectrometer,11 and they
found evidence for all three of the isomers proposed by the
Schwarz group. Another FT-ICR mass spectrometry study using
a laser vaporization cluster source was performed by Dunbar
and co-workers, revealing two reaction pathways for Si+ +
C6H6.12 In the first, SiC6H6

+ is formed by radiative association,
accounting for 15% of the products. Second, SiC6H5

+ + H were
formed by condensation with hydrogen atom elimination,
accounting for 85% of the products. Additionally, the study
observed no cluster formation between Si+(C6H6) and benzene,
ruling out the possibility of a stable “sandwich” structure. This
research group placed a lower-limit on the binding energy of
2.2 eV for the SiC6H6

+ complex. More recently, Tang and co-
workers studied reactions between silicon ions and benzene.15

They observed both association complexes, Si(C6H6)n
+ where

n ) 1 and 2, and dissociative complexes, Si(C5H5)+, Si(C7H5)+,
and Si(C9H5)+. This group also performed density functional
theory (DFT) calculations, finding structures for SiC6H6

+ like
those calculated by Schwarz and co-workers.10

Our research group has employed photodissociation mass
spectrometry measurements to study a variety of metal ion-
benzene complexes.18 In UV photodissociation experiments,
metal ion-benzene complexes are found to dissociate primarily
by ligand elimination, but metal-to-ligand charge transfer
dissociation is often a prominent process. We have recently
demonstrated the application of infrared photodissociation* Corresponding author. E-mail: maduncan@uga.edu.

2801J. Phys. Chem. A2005,109,2801-2808

10.1021/jp044798a CCC: $30.25 © 2005 American Chemical Society
Published on Web 03/05/2005



spectroscopy to metal-benzene ions to probe their vibrational
spectroscopy for the first time in the gas phase.24-27 IR spectra
in the fingerprint region were obtained using an infrared free-
electron laser,24-26 while spectra in the C-H stretching region
were obtained with an IR optical parametric oscillator (OPO)
laser system.27 In the present study, we employ both UV
photodissociation and IR photodissociation spectroscopy in the
C-H stretch region to investigate Si+(C6H6)n complexes. These
studies provide a new perspective on the structure and bonding
in the silicon-benzene ion system.

Experimental Section

Clusters of the form Si+(C6H6)n, Si+(C6D6)n, and Si+(C6H6)-
Ar are produced by laser vaporization in a pulsed nozzle cluster
source and mass analyzed in a reflectron time-of-flight mass
spectrometer.41 The third harmonic (355 nm) of a Nd:YAG laser
(Spectra Physics INDI 30) is used to vaporize a rotating and
translating silicon rod (ESPI). An argon expansion is seeded
with benzene at ambient conditions using a General Valve
(Series 9). The expansion is skimmed from the source chamber
into the differentially pumped chamber where the ions are pulse-
extracted into the time-of-flight mass spectrometer. Ions of
interest are mass selected by pulsed deflection plates located
near the end of the first drift tube section. The selected parent
ion is photodissociated by intersecting the ion beam with a laser
in the turning region of the reflectron field. Parent and fragment
ions are mass analyzed in the second drift tube section and
detected with an electron multiplier tube. For UV photodisso-
ciation, the third harmonic (355 nm) of a Nd:YAG laser (Spectra
Physics DCR-11) is employed, with a pulse energy of about 20
mJ/cm2‚pulse. Pulse energies are varied down to about 1 mJ/
cm2‚pulse to investigate multiphoton effects. Infrared experi-
ments use an optical parametric oscillator/amplifier (OPO/OPA)
system (LaserVision) pumped by a Continuum 9010 Nd:YAG
laser. This system generates tunable IR in the 2000-4000 cm-1

region. Photodissociation is enhanced on resonance with mo-
lecular vibrations of the ligand, and infrared photodissociation
spectra are obtained by monitoring the fragment ion yield versus
the IR wavelength. Wavelength calibration for the OPO is
achieved using photoacoustic spectroscopy of methane, which
has a well-known rotationally resolved C-H stretching band
in the 3100 cm-1 region. Band positions are accurate to within
(1 cm-1. Data are collected with a digital oscilloscope (LeCroy
Waverunner LT-342) and transferred to a PC via an IEEE-488
interface.

Theoretical Methods

The structure, vibrational frequencies, and infrared oscillator
strengths of the Si+(C6H6) complex were calculated using
density functional theory with the Gaussian 03W program
package.42 We employed the Becke-3 Lee-Yang-Parr (B3LYP)
functional43,44and the 6-311++G** basis set. The silicon cation
was positioned initially near the C6 axis of the benzene ring,
but it was allowed to move to obtain the lowest energy structure.
The primary interaction in the complex was believed to be
electrostatic in nature, and hence the electronic states considered
were those of the singly charged silicon cation. The vibrational
frequencies of the different Si+(C6H6) isomers were scaled
according to methods described previously for related systems
when using the B3LYP/6-311++G** method.45,46The scaling
factors employed were 0.958 for the C-H stretching modes
and 0.983 for the lower-frequency ring-based modes.

Results and Discussion

The distribution of cluster ions produced directly from the
laser vaporization source is presented in Figure 1. We employ
a “cutaway” type rod holder with no gas channel beyond the
laser vaporization point.41 This configuration provides efficient
formation of cold cation-molecular complexes. Ions of the form
Si+(C6H6)n are produced efficiently for then ) 1 and 2
complexes, and clustering is evident up to then ) 7 cluster
size. The relative intensity of then ) 1 complex is nearly the
same as that of the silicon cation, and this is much greater than
the intensity of the larger clusters. This demonstrates the ease
with which a silicon cation forms an ion-molecule complex
with benzene in the laser plasma, consistent with the results
obtained by other research groups.7-9,12,15 Other minor mass
peaks are attributed to SiOH+ and Si+(C6H6)n(H2O)m complexes,
resulting from a slight water impurity. The mass at 56 amu is
Si2+, and there are also peaks corresponding to Si2

+(C6H6)n for
n ) 1 and 2. The benzene cation is detected, and there are other
masses between Si+ and Si+(C6H6) that are most likely caused
by fragmentation of Si+(C6H6) complexes in the laser plasma.
These include SiC2H+, SiC4H3

+, and SiC5H5
+. The latter ion

was also prevalent in the work of Tang and co-workers.15 These
mass assignments were confirmed in experiments using C6D6.

We next investigate photodissociation of these silicon-
containing ions. Based on the previously calculated binding
energies, photodissociation of Si+(C6H6) at visible or near-UV
wavelengths should be energetic enough to break the Si+-
benzene bond. However, virtually no such simple ligand
cleavage process is observed. Instead, when Si+(C6H6) was
photodissociated at 355 nm, the fragmentation pattern contained
several Si+CnHm fragments and was nearly identical to the
collisionally activated dissociation spectrum observed by Schwarz
and co-workers.9 Unfortunately, our mass resolution was not
sufficient to completely separate all the hydrogen-containing
fragment ions. To clarify the situation, we performed the same
experiment with C6D6. Figure 2 shows the photodissociation
mass spectrum of Si+(C6D6) at 355 nm. This photodissociation
data is obtained by a difference method in which the spectrum
with the laser “off” is subtracted from one with it “on”. The
negative peak indicates depletion of the selected parent ion,

Figure 1. Mass spectrum for Si+(benzene)n clusters formed as ions
directly from our cluster source. Next to the Si+(benzene)n cluster
masses are peaks attributed to one or two water molecules clustering
around the Si+(benzene)n clusters. There are also small signals for Si2

+-
(benzene)n clusters wheren ) 1 and 2.
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while the positive peaks indicate the photofragments. The main
fragment ions detected are SiC6D5

+, SiC4D4
+, SiC4D3

+, SiC2D2
+,

SiC2D+, and Si+. Minor amounts of SiC3D3
+, SiC3D2

+, and
C4D5

+ are also detected. There is a mass coincidence at 84 amu,
and this peak could be assigned to either Si+C4D4 or C6D6

+.
This coincidence should not occur for the fully hydrogenated
benzene complex. However, in our data for that complex we
detect a broad unresolved mass peak in this region, suggesting
that C6H6

+ is probably formed, but precluding a clear assign-
ment.

This fragmentation pattern indicates that there is significant
decomposition of the benzene ring as the complex breaks apart.
This behavior is quite different from the photodissociation
processes measured previously for mostmetal ion-benzene
complexes, where simple ligand elimination or charge transfer
have been found.18 If there is aπ-complex isomer, it might be
expected to dissociate like these M+(C6H6) complexes. How-
ever, only a small amount of the Si+ ion is detected here that
might come from such a simple ligand elimination process. The
ionization potential (IP) of silicon (8.15 eV)47 is lower than that
of benzene (9.24 eV),48 and therefore ligand elimination would
normally produce charged silicon and neutral benzene, consistent
with the appearance of Si+. However, because of the low IP
difference between Si and benzene, charge-transfer dissociation18

like that seen for many metal ion-benzene complexes might
also occur for aπ-complex. This would produce the C6H6

+ (or
C6D6

+) ion. As noted above, resolution issues and mass
coincidences make it impossible to confirm that the benzene
molecular ion is detected. However, we can say that any such
ions are present only in minor concentration. The most
prominent fragment ion is SiC6D5

+, which could easily be
rationalized to come from an isomer with Si+ inserted in a C-D
bond. The other fragment ions SiC4D4

+, SiC4D3
+, SiC3D3

+,
SiC3D2

+, SiC2D2
+, and SiC2D+ could be rationalized to come

from a ring insertion isomer. However, we must bear in mind
that photodissociation can occur via significant structural
rearrangements. The fact that the UV fragmentation channels
measured here are exactly the same as those seen by previous

collisional excitation indicates that the dissociation process
occurs in the ground electronic state. UV photoexcitation is
apparently followed by intramolecular internal conversion,
producing hot ground-state molecules that undergo unimolecular
fragmentation along the lowest energy channels. Dissociation
in this way can proceed via extensive rearrangement processes.
Therefore, the UV dissociation results here are consistent with
any of the three isomeric structures proposed previously, but
these results are not able to either rule out or confirm their
presence.

Figure 3 shows the photodissociation of several larger Si+-
(C6H6)n complexes. The dissociation of such larger complexes
is often informative, because it allows determination of the
coordination number of ligands around the core ion. Ligands
bound directly to the core ion have relatively strong ion-ligand
bonds via charge-dipole, charge-induced dipole, and other forces,
while external ligands are bound primarily by much weaker van
der Waals forces. Such external ligands would have binding
energies roughly equivalent to that of the benzene dimer (about
1000 cm-1).49-51 For example, UV photodissociation of various
metal ion-benzene complexes, M+(C6H6)n (n ) 3-8) dissociate
to produce the M+(C6H6)2 ion that is understood to represent
the sandwich structure.18c Similar fragmentation processes have
identified the coordination number for other metal ion-ligand
complexes.41 Surprisingly, the photodissociation mass spectra
for the n ) 2-5 silicon ion-benzene complexes do not
terminate at then ) 2 species that would indicate a stable
sandwich. Instead, these fragmentation processes terminate at
the Si+(C6H6) ion. A small amount ofn ) 2 fragment ions is
detected as a fragment from then ) 4,5 complexes. This
suggests that Si+(C6H6) is the stable cluster size and other larger
complexes have relatively lower binding energies. In particular,
there is no indication at any cluster size for termination of ligand
loss at then ) 2 sandwich species. Apparently, stable benzene
sandwich species are not favored for a silicon cation. This result
is consistent with the work of Dunbar and co-workers,12 who
also did not find any sandwich species under their conditions.
It seems then that a single benzene molecule is closely associated
with Si+ in these complexes and that other benzene molecules
are more weakly attached. We form these larger complexes in

Figure 2. UV fixed frequency photodissociation of Si+(C6D6) at 355
nm. This type of spectrum is acquired by subtracting a mass spectrum
of the selected parent ion from one with the photodissociation laser
on. The resulting mass spectrum shows parent ion depletion as a
negative peak and the fragment ions as positive peaks.

Figure 3. Photodissociation of Si+(C6H6)n wheren ) 2-5 at 355 nm.
All of the larger clusters produce the Si+(C6H6) species as the main
fragment, but there is some tendency for the survival of then ) 2
species from then ) 4 and 5 parent ions.

Photodissociation of Si+(C6H6)n and Si+(C6H6)nAr J. Phys. Chem. A, Vol. 109, No. 12, 20052803



our ion source, as did Tang and co-workers,15 because the
supersonic expansion conditions stabilize even very weakly
bound ions. Dunbar and others did not see larger complexes,
most likely because their low pressure conditions could only
stabilize more strongly bound species.

The lack of any stable sandwich structure for silicon-benzene
complexes is perhaps understandable. In transition metal-
benzene complexes, partially filled d orbitals are available for
s-d hybridization and these orbitals undergo charge acceptance
and donation interactions. By contrast, the first excited d atomic
state for Si+ lies more than 9.8 eV higher in energy than the
occupied 3p orbital.52 It is therefore understandable that
hybridization is inefficient. Si+ therefore prefers to bind
covalently and directionally with its s and p valence orbitals,
and therefore it cannot interact effectively with two benzene
ligands.

To further investigate the possibility of Si+(C6H6) isomers
in our molecular beam, we employed infrared photodissociation
spectroscopy on these ions. We focus this study in the region
of the C-H stretch vibrations of benzene, near 3100 cm-1.53,54

On the basis of the previously calculated binding energies,10

excitation into the C-H stretch region is not energetic enough
to cause photodissociation of the Si+(C6H6) complex, except
by inefficient multiphoton processes. Consistent with these
energetics, we were not able to photodissociate the Si+(C6H6)
complex with infrared excitation. To improve the efficiency of
photodissociation, we use rare gas “tagging” with argon.41,55-59

For this experiment, we make the mixed complex Si+(C6H6)Ar
and study its photodissociation spectrum. Argon is weakly bound
so that it can enhance the photodissociation yield, while
hopefully not adding any significant perturbation to the spec-
troscopy. Although the binding energy of Si+ to argon is not
known, we observe relatively efficient photodissociation for the
mixed ion in the 3100 cm-1 region. Figure 4 shows the
comparison of spectra for the Si+(C6H6)Ar, Si+(C6H6)2, and Si+-
(C6H6)3Ar ions in the 2900-3300 cm-1 range. The spectrum
for the Si+(C6H6)Ar and Si+(C6H6)3Ar clusters were monitored
in the loss of argon channel, while the spectra for the Si+(C6H6)2

cluster was monitored in the loss of benzene channel.
The main feature in the Si+(C6H6)Ar spectrum is a single

band centered at 3086 cm-1, and there are additional shoulders
and satellite structure nearby. Consistent with our previous work
on metal ion-benzene complexes,27 we do not see the Fermi
triad here that is commonly seen in IR spectroscopy for liquid
or gaseous benzene in the C-H stretch region.53,54 This Fermi
triad comes from the e1u frequencies of theυ12 fundamental
and theν13 + ν16 andν2 + ν13 + ν18 combination bands, and
its members occur at 3037, 3074, and 3093 cm-1 for liquid
benzene53 and 3048, 3079, and 3101 cm-1 for benzene in the
gas phase.54 The vibrations noted are accidentally degenerate
in the free benzene molecule, but they are apparently shifted
enough in the M+ and Si+ complexes to remove this degeneracy.
In the present spectrum, there is a shoulder on the left side of
this peak, suggesting the presence of more than one overlapping
vibrational band, and there is a weak additional band at 3115
cm-1. The dashed red line in the figure shows the position of
the ν12 vibration in gas-phase benzene. We have indicated the
recommended frequency for theν12 mode (3063 cm-1) that
would be found without the Fermi resonance.53 The main peak
in the Si+(C6H6)Ar spectrum is located at 3086 cm-1, which is
then shifted 23 cm-1 to the blue from theν12 vibration in
benzene. We have recently reported a similar blue-shift for the
IR spectrum of V+(C6H6)n in the same C-H stretching region.27

At first glance, a blue-shift for the C-H stretch vibration is
surprising. The Dewar-Chatt-Duncanson complexation model,
which is often applied to metal carbonyl complexes, is also
usually applied to metal-benzene systems.60-62 In this model,
the metal-ligand interaction is composed ofσ-donation of
ligand bonding electron density into empty metal orbitals and
π back-bonding of metal electron density into theπ*-antibond-
ing orbitals of the ligand. Both of these effects weaken the
bonding on the ligand framework and most often the vibrations
are shifted tolower frequencies. In our studies of metal-benzene
complexes in the fingerprint IR region,26 we found that theυ19

vibrations were indeed shifted significantly to the red. However,
as we have noted before,27 the C-H modes apparently behave
differently. We can rationalize this behavior by comparing to a
recent IR spectroscopy study performed by Dopfer and co-
workers on the benzene cation (tagged in various ways).63 This
study found a blue-shift for the C-H stretches in the benzene
cation compared to the neutral, that was attributed to a stiffening
of the bonds because of loss of electron from the HOMO e1g

orbital of benzene. Apparently, when metal or Si+ ions bind to
benzene, some charge transfer of electron density toward the
cation takes place, leaving a partial charge on the benzene. This
polarized ligand then behaves to some degree like the benzene
cation, and the C-H stretches shift to higher frequency.

The Si+(C6H6)2 cluster photodissociates inefficiently and its
spectrum shows a broad band which appears to be centered at
nearly the same position as that of the Si+(C6H6)Ar complex.
We were unable to argon tag then ) 2 cluster to better resolve
the peak position and increase the photodissociation yield.

Figure 4. Infrared photodissociation spectra of Si+(C6H6)Ar, Si+-
(C6H6)2, and Si+(C6H6)3Ar. Spectra are acquired by monitoring the
fragment ion (Ar loss for the “tagged” clusters and C6H6 loss for the
n ) 2 cluster) intensity versus the infrared frequency. The dashed line
(to the left) indicates the rated frequency value of theν12 C-H stretch
of free gas-phase benzene at 3063 cm-1 in the absence of the Fermi
triad. The other dashed line indicates the peak position of the “core”
mode (free of solvation) for the Si+(C6H6)Ar cluster.
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Although the data is then unclear, we can say from the line
width observed that there is probably no evidence for a Fermi
triad in this spectrum. This suggests that the binding of the
second ligand to Si+, while it may be much weaker than the
first, is still able to shift benzene vibrations enough to remove
the degeneracy found in the free molecule. The inefficient
photodissociation for this cluster at the IR wavelengths suggests
that the second benzene is bound by more than 3000 cm-1. The
small amount of then ) 2 fragment that survives in the UV
photodissociation studies is also consistent with a somewhat
stronger bonding in this cluster than for the larger ones.

For the Si+(C6H6)3 species, we are able to measure the
spectrum with good intensity via the loss of benzene, and we
are also able to tag this cluster with argon to measure it in the
argon loss channel. The spectra measured in these two ways
are identical, except that the signal level is better with tagging.
The efficient photodissociation seen in the Si+(C6H6)3 spectrum
without tagging is attributed to the presence of a benzene
molecule interacting much more weakly with the silicon cation.
Because dissociation occurs readily in the C-H stretching region
of the IR, the last benzene in the cluster must be bound by less
than about 3000 cm-1. Figure 4 shows the spectrum for Si+-
(C6H6)3Ar. In this spectrum there is a marked change from those
for the smaller cluster sizes. A multiplet of at least four bands
are measured at 3040, 3060, 3080, and 3094 cm-1. The band
at 3080 cm-1 is at nearly the same position as the main band
of the Si+(C6H6)Ar cluster (3086 cm-1), and therefore we can
assign it to be the same mode as in that so-called “core” ion.
The other three bands have positions very close to the Fermi
triad bands, which occur at 3037, 3074, and 3093 cm-1 for liquid
benzene.53 The positions of the outer two multiplet bands here
in then ) 3 spectrum are each within 1-3 cm-1 of the liquid
benzene triad bands, while the central more intense band at 3060
cm-1 is shifted 14 cm-1 to the red from the corresponding band
in benzene. These three bands have comparable relative intensi-
ties, similar to the triad bands in benzene. Although the lines
positions are not exactly the same, we believe that the triplet
seen here should be associated with the C-H triad structure in
benzene. This is therefore evidence for the presence of one
benzene molecule that is essentially unperturbed compared to
molecules in the liquid, that is, one that is not bound tightly to
the silicon cation. This “external” molecule can then be regarded
more as a “solvent” molecule in the cluster than as a ligand.

If the n ) 3 complex has one external ligand, then larger
complexes should have more external ligands. Figure 5 shows
a comparison of then ) 3 andn ) 4 spectra to the spectrum
for liquid benzene taken from the NIST website.53 The spectrum
for n ) 4 has a multiplet that is quite similar to that of then )
3 species discussed above. The resemblance to the liquid
benzene IR spectrum is again recognizable, although the line
positions do not match exactly. The outer multiplet members
appear again at 3040 and 3094 cm-1, and are 1-3 cm-1 away
from the corresponding liquid benzene triad bands. In the center
of the multiplet, however, then ) 4 species has two peaks (3058
and 3069 cm-1) instead of the one seen at 3060 for then ) 3
complex. Additionally, there is a reproducible shoulder at 3080
cm-1 that corresponds to the core vibration of then ) 1 species.
It is not clear why the single central band for then ) 3 evolves
to become a doublet for then ) 4 complex. It is conceivable
that the two external benzene molecules in this complex are in
slightly different bonding configurations, so that this band occurs
at a slightly different frequency for each of these. Other
assignments are also possible for the central bands in the
multiplet (shifted core peaks, etc.). However, the close cor-

respondence of the outer multiplet members to the triad spectrum
suggests that the additional benzenes for then ) 3 andn ) 4
complexes both represent molecules that are only slightly
perturbed compared to free benzene. This information and the
ease of eliminating these molecules by IR photodissociation are
both consistent with the assignment of these benzene molecules
as more solvent-like than ligand-like.

The overall picture of ligand binding in the Si+(C6H6)n

system, therefore, is that the first benzene molecule is bound
strongly to the cation, and this complex forms a core ion with
a spectrum quite different from that of benzene itself. Then )
2 complex has one strongly bound benzene and one less strongly
bound benzene. The second ligand is bound strongly enough
to have a perturbed spectrum, to exhibit inefficient dissociation
in the IR, and to survive in small amounts in some of the UV
dissociation studies. The additional benzene in then ) 3 andn
) 4 complexes are weakly bound and have spectra like those
of liquid benzene, indicating that they can be regarded as solvent
species rather than ligands.

To examine the structure of the Si+(C6H6) cluster in more
detail, and to investigate the possibility of structural isomers
for this species, we performed DFT calculations on this complex.
The results of these calculations are presented in Figure 6 and
Table 1. As shown in Figure 6, we located three isomeric
structures and found each to be a minimum on the potential
surface. The qualitative details of the structures calculated for
Si+(C6H6) are the same as those found by the Schwarz and Tang
groups.10,15They can be identified as theπ-complex, the C-H
inserted isomer, and the ring-inserted isomer, respectively.
Consistent with the results of Schwarz, we found theπ-complex
to lie significantly lower in energy than the inserted structures.
The silicon ion in this isomer is positioned away from the C6

axis of the benzene ring in a site located nearly above one carbon
of the benzene ring. The nearest hydrogen atom is bent out of
the plane of the benzene ring by about 10 degrees. The insertion
complexes have the silicon in a C6H5-Si-H position or in a
seven-membered ring with the six carbon atoms. Previous
theoretical studies did not report vibrational frequencies for these
different isomers, and therefore we use our calculations to
determine these.

Figure 7 shows the comparison between the calculated
vibrational frequencies for each of the different isomers of Si+-
(C6H6) and the experimental spectrum acquired for Si+(C6H6)-
Ar. In each structure, there is significantly lowered symmetry

Figure 5. IR photodissociation spectra for Si+(C6H6)nAr and Si+(C6H6)4

compared to the Fermi triad in liquid benzene.
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compared to benzene itself, and therefore there is a multiplet
of IR-active vibrational modes predicted in the C-H stretching
region. The frequencies and their IR intensities are given in
Table 1. The predicted IR spectrum for each isomer differs in
the relative intensity pattern distributed across the multiplet of
modes in this region. These multiplets are indicated in different
colors in Figure 7. The C-H inserted isomer spectrum looks
the least like the experimental spectrum. It has five bands with
almost equal intensity distributed across a range of about 30
cm-1, while the experimental spectrum consists of one main
band much narrower than this. Additionally, this isomer is
predicted to have an Si-H stretch vibration near 2130 cm-1

with much stronger IR intensity than the modes in the C-H
stretch region. We scanned this region and found no signal
within our detection limits. We can therefore safely eliminate
the C-H insertion isomer as a candidate for the SiC6H6

+

structure. The ring-insertion isomer has most of its IR bands
clustered into a group, and these could appear to be a single
peak in a spectrum with our resolution. However, the resonances
are predicted to lie near 3030 cm-1, while our band is found at
3086 cm-1. Additionally, there is an additional single band
predicted with good IR intensity shifted even farther to the red
near 3000 cm-1. We do not see any evidence for a red satellite
band in our spectrum. These details make it seem unlikely that
the ring-insertion isomer is present. The best agreement between

theory and experiment is found for theπ-complex. This isomer
has most of its IR bands in the 3060-3080 region of the
spectrum, with the most intense features lying within about 20
cm-1 of the experimental band position. Additionally, less
intense bands are predicted to the red of the main band,
consistent with the red shading and shoulder features seen in
the experiment. Finally, a weak blue-shifted satellite band is
predicted for this isomer about 20 cm-1 to the blue of the main
band, and we observe such a satellite band at 3115 cm-1 that is
about 30 cm-1 to the blue from our main band. We should note
here that the theory we have done is for the Si+(C6H6) complex,
while the experiment is for the argon-tagged species, and some
slight shifts could be caused by the argon. However, if we
consider both the absolute frequency positions and the distribu-
tion of the allowed IR bands, it is clear that there is very good

TABLE 1: Binding Energies (relative to separated Si+ and benzene) and Vibrational Frequencies Calculated for the Different
Si+(C6H6) Isomers

structure B.E. (kcal/mol) IR frequencya (IR intensity (km/mol))

π-complex -51.2 3081 (5), 3067 (12), 3065 (6), 3060 (4),
3052 (3), 3049 (0.2), 1548 (20), 1528 (7),
1467(34), 1457 (39), 1353 (0.4), 1274 (0.3),
1180 (8), 1144 (0.5), 1030 (1), 1017(0.0),
1001 (0.8)

Si-H insertion -46.1 3073 (0.2), 3067 (0.7), 3056(0.5), 3049 0.4),
3042 (0.9), 2130 (13), 1578 (98), 1551 (4.5),
1470 (0.1), 1432 (44), 1346 (18), 1291 (3),
1198 (6), 1183 (3), 1094 (4), 1081 (103),
1021 (0.4), 1018 (2)

ring insertion -37.9 3044 (0.5), 3031 (7), 3029(5), 3027 (5),
3001 (2), 3000 (0.2), 1582 (1), 1530 (0.8),
1493 (57), 1472 (18), 1378 (81), 1358 (3),
1315 (5), 1246 (4), 1208 (0.2), 1038 (4),
1019 (0.0), 1018 (0.0), 1002 (0.0)

a The scaling factor is 0.958 for the C-H modes and 0.983 for the lower frequencies.

Figure 6. The isomeric structures calculated via DFT for the SiC6H6
+

complex. The upper two structures provide different views of the
π-complex, while the lower two structures are the respective insertion
isomers.

Figure 7. Comparison of the Si+(C6H6)Ar spectrum obtained experi-
mentally versus the vibrational frequencies calculated by B3LYP/6-
311++G** for the different isomers. The experimental spectrum agrees
best with that of theπ-complex.
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agreement between the spectrum predicted for theπ-complex
and the experimental spectrum. Theπ-complex is also the one
predicted by theory to be most stable, and by inspection it is
also least likely to have an activation barrier in its formation
path. We therefore conclude that our infrared experiment has
measured the spectrum for theπ-complex.

It is important to note that we cannot rule out the presence
of the one or both of the other isomers in minor concentrations.
The IR bands predicted in the C-H stretching region are more
intense for theπ-complex than they are for the other isomers,
and therefore this species would be easier to detect. The lack
of any resonance near 2130 cm-1 argues strongly against any
major component of the Si-H insertion isomer, but the ring-
insertion isomer has only very weak intensity bands predicted
throughout the region of the experiment. Concentrations of this
isomer that are 3-5 times less than theπ-complex would almost
certainly be missed by our experiment because of our limited
sensitivity. Future experiments may be able to probe these
complexes in the region of the ring distortion vibrations (1300-
1500 cm-1) where much more intense vibrations are predicted
for all three isomers. These experiments could provide a more
stringent test for the presence, if any, of the minor isomers. It
is also worth noting that the isomers not detected here could be
present in other experiments because of the different ion sources
employed. The laser ablation method that we use is relatively
gentle and does not lead to extensive rearrangements of the ions.
Condensation also occurs at low temperature in a supersonic
expansion. It will therefore be interesting in future experiments
to combine the IR methods described here with other ion
production schemes to investigate this and other cluster isomer
issues.

Conclusion

We report here the first study of the photodissociation
behavior of Si+(C6H6)n complexes. UV photodissociation
experiments at 355 nm probe the decomposition pathways of
these ions, while infrared experiments in the C-H stretching
region investigate structural isomers that have been predicted
by theory. On the basis of the results of both UV and IR
photodissociation, we find that the mono-ligand complex is
significantly more strongly bound than larger complexes. The
second benzene is somewhat less strongly associated than the
first in then ) 2 complex, and then additional benzenes beyond
this are weakly bound and may be regarded as solvent.

The spectrum of the Si+(C6H6)Ar complex yields an asym-
metric band centered at 3086 cm-1 with additional structure
coming from shoulders and weaker satellite bands. A compari-
son to the predictions of theory shows that these band positions
and their intensity distributions are in very good agreement with
those predicted for theπ-complex isomer. Our limited sensitivity
prevents us from ruling out the presence of other isomers, but
their concentration, if any, in the experiment must be signifi-
cantly less than that of theπ-complex.
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